From the time evolution of the current in a superconducting coil during a quench, an upper limit can be computed for the temperature reached anywhere in the coil. A condition under which the danger of burnout is eliminated is derived here. It is used to show how the tests of superconducting magnets can be made safe against burnout and it provides constraints for the design of some type of magnets.
INTRODUCTION
A safe condition against burnout has been established for supercon-1 ducting magnets during quenches.
In this paper, a similar condition is derived. It is based on an inequality binding the temperature in the coil to known characteristics of the wire and the time integral of the square of the current. Using that inequality, it is possible to determine an upper limit for the temperature reached anywhere in the coil knowing the time evolution of the current. Given a maximum value for the temperature that can be tolerated in the coil, a condition (the burnout safety condition) can be established for the current evolution which makes certain that the temperature does not exceed the maximum value. Using a testing method that respects that condition at all times, magnets can be tested without any risk of burnout. Some constraints have to be imposed on their design to insure that a required current can be reached ultimately.
The quench is a phenomenon in which a small piece of superconducting wire turns normal accidentally and gets heated by the current faster than can be handled by the cooling power and the heat conduction. 2 • 3 The peak temperature rises in the region where the wire is normal and, at the same time, the normal region spreads because of thermal conduction. The danger of burnout comes from leaving the current on long enough so that the energy deposited at the hottest point in the coil raises its temperature to a destructive value. 1 • 4 In such a case, the insulation gets damaged, or a solder connection melts, or the superconductor properties are modified, etc. (see Table 1 , next page).
A sure technique to avoid burnout is to turn the current off quickly 1 5 6 after a quench has been detected. ' ' However, in general, this requires has to be found in the speed of the current decrease to avoid both dangers.
The burnout condition of this paper gives an expression indicating how fast the current should be turned off. Some safety factor, real, but difficult to estimate, is included. Suggestions of ways to avoid burnout will follow. The rules are summarized in Section VII.
II. THE BASIC INEQUALITY
The basic inequality is derived from elementary principles only.
Once the temperature of an element of volume dV is above the critical temperature of the superconductor, there is a non-zero resistivity P in + the material, an electric field E to maintain the current running, and an energy dEJ dissipated by Joule effect in dV during an instant dt. = (2.1) where the bar over 1/P represents an average over the two constituents of the wire (superconductor and matrix) above critical temperature, and r w is the ratio in the volume dV of the volume V. of the material that 1ns
does not carry any current to the volume V .
of the wire w1re . 8) i.e.' where r would be the ratio of the heat capacity of the volume of c material that does not carry any current to the one of wire material if (2.6) were an equality.
The total heat absorbed by the temperature rise dT in dV is 
III. THE BURNOUT SAFETY CONDITION
The basic inequality (2.15) involves many parameters, some of which depend on the physical construction of the magnet and others on the characteristics of the external electrical circuit. The inequality can be expressed using coefficients that summarize the effect of several of the parameters in the same area of the magnet design.
Among the quantities that are determined by the magnet construction, there is a maximum temperature T that can be tolerated in the magnet, max corresponding to a value FJ(T ) of the function FJ(T). A. is the max w1re
cross-sectional area, r the volume ratio of matrix to superconducting sc material, and rc the heat capacity ratio of the material that does not carry current but gets heated with the wire to the wire material itself. where t = 0 is the beginning of the quench and t = t is the time at which z ' the current i is essentially reduced to zero. The quantity T J can be changed by adding a quench protection circuit or modifying it in the electrical circuit.
Using the quantities defined above, the basic inequality (2.15) can be rewritten for the temperature T anywhere in the coil (3.4) It is not easy to measure or predict T everywhere in the coil but c 3
and TJ are easily accessible. Inequality (3.4) shows that, for a given current i , the temperatures produced in the coil during a quench will 0 be smaller than a limit Tlirn that depends on TJ, i.e., on how fast the current is being turned off.
where
The quantity J is easier to measure than the temperatures in the coil and can be used to derive an upper limit for them.
An efficient technique to avoid burnout is to make sure that iri case of quench the external electrical circuit turns the current off quickly enough, so that T 1
. < T 1.m max (3. 7) This condition, together with inequality (3.5), shows that the temperature in the coil is always less than T . This condition (3.7) max is our burnout safety condition and can be written as (3.8) where the coefficient qJ depends on the magnet construction only ,max = (3.9) The burnout safety condition determines a range of values for TJ defined by (3.3) such that the danger of burnout is eliminated. This condition can be used for the design of the magnet or of the quench protection circuit as it is used in Section V. It can be used when testing -10-the magnet as shown iri Section IV. Moreover, whenever a quench occurs, it is possible to check the burnout safety condition if an ad hoc circuit detects the quench quickly and if the time evolution of the current i is recorded. The effective time TJ of (3.3) However, if deterioration is noticed in the coil after a quench, inequality (3.5) can still be used. T 1 . can be compared to some crucial temperatures 1m given by Table 1 (page 3) to gain some insight as to the possible damage.
The materials affected by burnout can only be those which are sensitive to temperatures less than T 1 . . lm
The choice of r to be used in The maximum allowable temperature, T , is determined by the detail max design and the characteristics of the materials used (see Table 1 where TJ,last is the effective time TJ of (3.3) computed from the evolution of the current during the last quench. As long as the last quench satisfies The burnout safety condition (3.8) will be satisfied for sure. This stepping procedure stops when imax and ilast converge toward one another.
Then, (4.1) shows that condition (3.8) will no longer be satisfied.
Everything is fine if the design value for i is reached. If not, it 0 seems advisable to improve the quench protection.
• • • .. The burnout safety condition (3.8) can be written
0 because, in general, for this sort of magnet it is possible to build a quench detector device that reacts so fast that t 5 is negligible. It is possible to turn off the current very quickly without inducing large voltages because the induced current in the bore tube keeps the flux for a long time. It can then be shown that the condition (5.7) can be relaxed considerably. In addition, there are techniques to force the coil to become normal as soon as a quench is detected. Then RC can be proved to be substantial. These possibilities will be the subject of future papers.
VI. CURRENT DENSITY IN LARGE MAGNETS
Replacing qJ by its expression (3.9) and using (3.2), we get ,max another expression of the burnout safety condition for the type of magnets considered in Section V:
For the most common magnets, fJ given by (3.1) will be of the order of 1, T will be less than 300°K, and the matrix material will be copper max with a resistance ratio of the order of 100. It follows that In order to illustrate the principles discussed in Section V, we show a scatter diagram on Fig. 6 , on which each dot represents a magnet that works or that is being built. The abscissa is the magnet stored energy E 0 and the ordinate is the current j . of (6.4). The solid line represents w1re the expression (6.6) with an equal sign in it. It is significant that almost all dots fall below the solid line, as predicted by (6.6) and our analysis of Section V.
The dots, very much above the line, correspond to magnets of a recent design. These magnets have a bore tube made out of conducting material.
As indicated above, these magnets escape the conditions expressed in Section V. Therefore, (6.6) does not apply. The use of a conducting bore tube permits higher current densities for the same energy E .
0
Note that for magnets with a conducting bore tube, the properties of the safe testing method (Section IV) still apply. Only the constraints on the design exposed in Section V can be revised. sc c A2. ) 1 + r w1re FJ(Tmax sc (7.2) where r is the matrix material to superconductor volume ratio, and r sc c is the volume of the material that does not carry any current but gets heated with the wire, multiplied by its specific heat per unit volume, divided by the volume of the wire times the specific heat per unit of volume of the matrix material (Eq. 2.8). A . is the wire cross-sectional w1re area, T is the maximum allowable peak temperature in the coil, and max 
